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METAL OXYGEN BATTERY CONTAINING
OXYGEN STORAGE MATERIALS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a divisional of U.S. application Ser.
No. 12/828,392 filed Jul. 1, 2010, now U.S. Pat. No.

9,147,920 1ssued Sep. 29, 2015.

TECHNICAL FIELD

One or more embodiments of the present invention relate
to oxygen storage materials as a source of oxygen for metal
oxygen batteries and their method of use.

BACKGROUND

There are many power storage and generation devices for
vehicles. For instance, a fuel cell 1s a thermodynamically
open system 1n which a fuel, such as hydrogen, irreversibly
reacts with an oxidant, such as oxygen, to form water and
clectrical energy. By contrast, a battery 1s an electrochemaical
device that 1s often formed of a number of separate electro-
chemical battery cells interconnected to a single set of
terminals providing an electrical output.

SUMMARY

In one embodiment, a method i1s disclosed in which
oxygen 1s stored 1n a cathode including an oxygen storage
metal-organic framework (“MOF”) material comprising a
mixture of 1onic conductive material, electron conductive
maternial and catalyst material within the MOF.

In another embodiment, a method 1s disclosed 1n which
oxygen 1s released from a cathode including an oxygen
storage metal-organic framework (“MOF”) material com-
prising a mixture of ionic conductive material, electron
conductive material and catalyst maternial within the MOF.

In yet another embodiment, a method 1s disclosed in
which oxygen 1s stored 1n a cathode including an oxygen
storage metal-organic framework (“MOF”) material com-
prising a mixture of i1onic conductive material, electron
conductive material and a composition of M' (@MOF, where
M' 1s a catalyst material and includes one or more metal-
containing molecules and MOF 1s a metal organic frame-
work

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts an illustrative view of a battery system for
use 1n a vehicle according to one embodiment;

FIG. 2 illustrates a top view of an electric vehicle includ-
ing a metal oxygen battery or a metal oxygen battery system
according to another embodiment of the present invention;

FIG. 3 schematically illustrates 1n cross-sectional view a
battery cell according to at least one embodiment;

FIGS. 4A to 4] schematically 1llustrate embodiments of
crystalline structures of metal organic frameworks; and

FIG. 5A to 53C schematically illustrate embodiments of
the multifunctional electrode formed of oxygen storage
material.

DETAILED DESCRIPTION

As required, detailed embodiments of the present mnven-
tion are disclosed herein; however, 1t 1s to be understood that
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the disclosed embodiments are merely exemplary of the
invention that may be embodied 1n various and alternative
forms. The figures are not necessarily to scale; some features
may be exaggerated or minimized to show details of par-
ticular components. Therefore, specific structural and func-
tional details disclosed herein are not to be interpreted as
limiting, but merely as a representative basis for teaching
one skilled i the art to variously employ the present
invention.

Retference will now be made in detail to embodiments of
compositions, structures, and methods of the present inven-
tion known to the inventors. However, 1t should be under-
stood that disclosed embodiments are merely exemplary of
the present invention which may be embodied 1n various and
alternative forms. Therefore, specific details disclosed
herein are not to be interpreted as limiting, rather merely as
representative bases for teaching one skilled 1n the art to
variously employ the present imnvention.

Except where expressly indicated, all numerical quantities
in this description indicating amounts of material or condi-
tions of reaction and/or use are to be understood as modified
by the word “about” in describing the broadest scope of the
present 1nvention.

The description of a group or class of materials as suitable
for a given purpose 1n connection with one or more embodi-
ments of the present invention implies that mixtures of any
two or more of the members of the group or class are
suitable. Description of constituents 1n chemical terms refers
to the constituents at the time of addition to any combination
specified 1n the description, and does not necessarily pre-
clude chemical interactions among constituents of the mix-
ture once mixed. The first definition of an acronym or other
abbreviation applies to all subsequent uses herein of the
same abbreviation and applies mutatis mutandis to normal
grammatical variations of the mitially defined abbreviation.
Unless expressly stated to the contrary, measurement of a
property 1s determined by the same technique as previously
or later referenced for the same property.

There are many power storage and generation devices for
vehicles. For instance, a fuel cell 1s a thermodynamically
open system 1n which a fuel, such as hydrogen, irreversibly
reacts with an oxidant, such as oxygen, to form water and
clectrical energy. By contrast, a battery 1s an electrochemical
device that 1s often formed of a number of separate electro-
chemical battery cells interconnected to a single set of
terminals providing an electrical output.

In one or more embodiments, the MOB 104 1s substan-
tially free of water molecules and particularly liquid water
molecules.

In one or more embodiments, the term “substantially free”
refers to an extent of being less than 1000 parts per million
(ppm), less than 500 ppm, less than 200 ppm, less than 100
ppm, or less than 50 ppm. In some instances means that a
substance, such as water, 1s not purposefully added and
whose presence, 1f any, 1s only incidental.

In yet another embodiment, the oxygen containment unit
102 includes relatively pure oxygen species in that any other
gas or fluid species, such as nitrogen (N, ), 1s not present or
only incidentally present at a nominal amount. This 15 1n
direct contrast to atmospheric air wherein nitrogen has a
relatively significant presence relative to oxygen. In certain
instances, when incidentally present, nitrogen 1s less than
1000 ppm, less than 500 ppm, less than 100 ppm, or less than
50 ppm.

As stated herein, one of the advantages of the present
invention, 1n one or more embodiments, 1s that oxygen can
be stored 1n the oxygen storage material 110 with a relatively
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high concentration and/or density as unusable or interfering,
gas molecules such as nitrogen can be effectively avoided.
As a result, an oxygen material flow commumnicating
between the MOB 104 and the OSM 110 can be eflectively
in a relatively how flow rate, which further reduces system
costs associated with eflecting and maintaiming otherwise
relatively high flow rate operations.

Electrochemical battery cells can include numerous con-
figurations and chemistries, including primary or non-re-
chargeable battery cells and secondary or rechargeable bat-
tery cells. Non-limiting examples of a secondary battery cell
include a lithium 10n cell, a metal hydride cell, a metal-air
battery cell, and a metal-oxygen battery cell. In general, a
secondary battery cell 1s capable of storing electrical energy
chemically, and the chemical storage often involves a revers-
ible redox reaction. In the uncharged state, the redox reac-
tion does not start spontancously, and, 1n such cases, the
secondary battery cell needs to be charged imitially 1n order
to store energy.

In one example of a secondary battery cell, a lithium 10n
cell includes a layered oxide positive electrode including
lithium 1n 10onic communication with a graphite negative
clectrode through a non-aqueous electrolyte and a separator.
During charging, lithium 1s 1onized from the layered oxide
positive electrode and migrates through the electrolyte and
separator to the negative electrode and becomes embedded
in the porous negative electrode composition by the process
of intercalation. During a discharge half step, the intercala-
tion composition decomposes allowing current to flow
within the battery cell by the movement of lithitum 1ons from
the negative electrode to the positive electrode.

In another example of a secondary battery cell, the metal
hydride battery cell includes a metal oxyhydroxide positive
clectrode, such as a mickel oxyhydroxide, electrically com-
municating with a metal alloy negative electrode. The metal
alloy negative electrode 1s a hydrogen storage alloy negative
clectrode. The hydrogen storage alloy includes a material
reversibly forming a mixture of metal hydride compounds.
In certain 1nstances, the hydrogen storage alloy includes an
intermetallic material having two or more solid phase metal-
lic elements.

In yet another example of a secondary battery cell, a metal
air battery cell 1s, 1n typical configurations, an open system
with respect to material flow, heat transfer, and work. For
instance, a metal air battery cell 1s provided with holes,
openings, or vents, which mediate air transport between the
metal air battery and atmospheric air. For most metal air
batteries, moisture and interfering gases from the air often
need to be filtered, eliminated, or trapped prior to the air’s
being introduced to the metal air battery. For instance, the
metal air battery cell includes an air positive electrode
clectrically communicating with a metal negative electrode
through an electrolyte and a separator. The air positive
clectrode, 1n typical configurations, includes a carbon com-
position positive electrode. During the charge reaction,
oxygen 1s released to the ambient air.

Metal oxygen batteries (MOBs) are conventionally char-
acterized as a subgroup of the metal air batteries as oxygen
1s commonly involved for the electrochemical reactions.
MOBs are known to have relatively high electrochemical
capacities, and are therefore of great interest for applications
where the total mass of a given battery 1s limited. Imple-
mentation of conventional MOBs has been met with difli-
culties 1n that their performance, both 1n terms of capacity
and power, has been largely unsatistactory. The limited
performance 1s believed to be at least 1n part associated with
incomplete or slow reactions mvolving the arrival and
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diffusion of oxygen molecules. For an MOB to achieve 1ts
tull discharge capacity, suflicient quantities of oxygen must
be made available 1n a timely manner. In addition, since the
rate of discharging 1s tied to the formation and growth of the
positive electrode oxide, the battery’s rate of discharging at
least 1n part depends on the more rate limiting processes of
oxygen diffusion.

In one or more embodiments, the term metal oxygen
battery (MOB) refers to a battery structure that differs from
conventional metal oxygen/air batteries at least 1n that the
MOB 1s relatively closed to atmospheric air and oxygen for
reactions 1s relatively devoid of unwanted species such as
nitrogen or carbon dioxide.

In one or more embodiments, the term “electrode” may
refer to a structure through which charges are carried by
clectromotive force. Electrodes may be composed of one or
more metal and/or semiconductor. Electrodes may be solid
or liquad.

In one or more embodiments, the term “electrolyte” refers
to a material and/or structure through which charges are
carried by the movement of 1ons. Electrolytes may be any
phase on the continuum of liquid to solid, including polymer
gels, pastes, fused salts, 10nic liquids, organic carbonates, or
ionically conducting solids, such as sodium p-alumina,
which has mobile sodium 1ons.

In one or more embodiments, metal-oxygen batteries
(MOBs) may refer to a class of electrochemical cells 1n
which, during discharging, oxygen 1s reduced at a positive
clectrode surface as part of the electrochemaical cell reaction.
Reduction of the oxygen forms an oxide or peroxide 1on
which reacts with a cationic metal species. Metal-oxygen
batteries may be based upon Fe, Zn, Al, Mg, Ca, and L.x.

MOBs, such as Li1" based MOBs, have recently been
demonstrated experimentally in a small number of labora-
tories. However, implementation of conventional MOBs has
been largely unsuccessiul because their performance, both
in terms of capacity and power, has been unsatisfactory for
vehicle applications. The limited performance 1s believed to
be likely associated with imcomplete or slow reactions
involving the arrival and dissociation of oxygen molecules
from the atmospheric air. In particular, for a metal oxygen
battery to achieve 1ts full discharge capacity, suilicient
quantities of oxygen should be made available in a timely
manner. In addition, since the rate of discharge 1s tied to the
formation and growth of the cathode oxide, the battery’s rate
of discharge depends i1n part on the more rate limiting
processes of oxygen dissociation.

It has been found, according to one or more embodiments
ol the present invention, that the MOB performance can be
greatly improved by one or more of the {following
approaches: (1) providing a relatively high concentration of
oxygen at the positive electrode; and/or (2) increasing
oxygen diffusion rate at the positive electrode.

One or more of the following benefits can be realized
according to certain embodiments of the present invention:
(1) requirements for many balance of plant (BOP) compo-
nents including positive electrode flow field, blower, and air
purification system, can be reduced or eliminated; (2) sus-
ceptibility to contamination from atmospheric air impurities
can be reduced or eliminated; (3) battery system flexibility
may be increased and packaging costs can be reduced; (4)
battery cell manufacturing procedures may be simplified;
and/or (5) improved battery performance kinetics may be
realized via a reduction in bulk diffusion and an increase in
surface diffusion.

According to one aspect of the present invention, a battery
system 1s provided. In one embodiment, and as depicted 1n
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FIG. 1, a battery system generally shown at 100 includes a
metal oxygen battery 104 having a first electrode 104a and
a second electrode 10454, the second electrode 1044 1includ-
ing a metal material M (not shown). An oxygen storage
material 110 1s disposed within the metal oxygen battery
104. In certain instances, the metal oxygen battery 104
turther includes a separator 116 defining a first electrode
compartment 112 including the first electrode 104a and a
second electrode compartment 114 including the second
clectrode 104H. In this configuration, the oxygen storage
material 110 1s disposed within the first electrode compart-
ment 112 and communicates oxygen 108 to and from the
first electrode 104a.

In certain instances, the oxygen storage material 110 1s in
fluidd communication with the metal oxygen battery 104, and
in certain particular instances the fluid 1s oxygen.

In one or more embodiments, the metal material M
includes one or more elemental metal listed 1n the periodic
table and/or one or more alloys formed of a mixture of two
or more of the elemental metals. A non-limiting list of the
elemental metals includes alkali metals, alkaline earth met-
als, transition metals and post-transition metals.

In certain instances such as during discharging, the first
clectrode 104q functions as a positive electrode or a cathode,
and the second electrode 1045 functions as a negative
clectrode or an anode. In certain other instances such as
during charging, the first electrode 104a may function as a
negative electrode or an anode, and the second electrode
1045 may function as a positive electrode or a cathode. In
these instances, the term “positive electrode” refers to an
clectrode with a positive polarity, and the term “negative
clectrode” refers to an electrode with a negative polarnity.

FI1G. 2 illustrates a top view of an electric vehicle includ-
ing a metal oxygen battery or a metal oxygen battery system
according to another embodiment of the present invention.
As 1llustratively depicted 1n FIG. 2, connected to vehicle 218
1s a metal oxygen battery (MOB) system 220 electrically
communicating directly or indirectly with a controller 230.
The controller 130 electrically communicates with a traction
motor 226. Traction motor 226 1s connected to at least one
wheel 228 of the vehicle 218. In certain instances, MOB
battery system 220 electrically communicates with and
provides energy to a high-voltage bus 222. High-voltage bus
222 electrically communicates with and provides energy to
a power conditioner 224. The power conditioner 224 elec-
trically communicates with the traction motor 226 which 1s
connected directly or indirectly to wheel 228 situated on a
frame 232.

Turning now to FIG. 3, a battery cell 330 i1s schematically
illustrated 1n cross-sectional view according to at least one
embodiment. A first electrode 332 electrically communicates
with a second electrode 334. The first electrode 332 and
second electrode 334 are situated in a housing 336. Housing
336 defines a closed container allowing no transfer of
material, oxygen in particular, to and from the ambient
environment, but allows heat and work to be transferred.

A separator 338 may be situated between the first elec-
trode 332 and the second electrode 334. In this configura-
tion, the first electrode 332, the second electrode 334, and
the separator 338 are contained within the housing 336 and
are at least partially in contact with an electrolyte 340. In
certain particular instances, the electrolyte 340 i1s non-
aqueous.

Conduit 342 extends from housing 336 and electrically
communicates with first electrode 332. Conduit 344 also
extends from housing 336 and electrically communicates
with electrode 334. Conduits 342 and 344 electrically com-
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6

municate with high voltage bus 222 to allow electrons to
flow between the first electrode 332 and second electrode
334 when the circuit 314 15 1n a closed operating state.

In yet another embodiment, an enlarged view 504, 506,
508, 510 of a section 502 of the first electrode 104a 1s

depicted 1n FIGS. 5A to 53C. As illustrated by the enlarged
view 504, at least a portion of the first electrode 104a may
be formed of OSM that has all the following functions:
particular porosity for oxygen storage, particular catalytic
capacity, particular 1on conductivity, and particular electron
conductivity. As illustrated by the enlarged view 506, at least
a portion of the first electrode 104a may be formed of OSM
deficient of one or more of the above-categorized functions,
and supplemented, for instance, with an 1on conductive
material 512. As illustrated by the enlarged view 508, at least
a portion of the first electrode 104a may be formed of OSM
deficient of one or more of the above-categorized functions,
and supplemented, for imnstance, with an electron conductive
material 514. As illustrated by the enlarged view 510, at least
a portion of the first electrode 104a may be formed of OSM
deficient of one or more of the above-categorized functions,
and supplemented, for instance, with a catalytic material
516.

An operating state, 1n at least one embodiment, includes
a discharging operating state, 1n which oxidation occurs at
the second electrode producing electrons. A non-limiting
example of a half-cell reaction at the second electrode
during discharging operating state 1s shown 1n [1]

Li—=Lit+e™

[1]

where the L1 metal 1s included 1n the second electrode and
the L1 cation migrates through the electrolyte to the first
electrode. At the first electrode, the .1 cation reacts with
oxygen to form the mixed oxide metal oxide as shown 1n [ 2]

[2]

where the electrons generated at the second electrode 1n [1]
flow to the first electrode through a load circuit, such as high
voltage bus 14; and where L10x may be the mixed oxide
metal oxide which may include stoichiometric metal oxides
such as L1,0,, a lithtum peroxide and L1,0, a lithium oxide.
It 1s appreciated that non-stoichiometric metal oxides may
be intermixed with the stoichiometric metal oxides or com-
prise the entire mixed oxide metal oxide, especially after at
least greater than 10 charging-discharging cycles have
occurred. A non-limiting example of the non-stoichiometric
metal oxide may include a dendntic mixed oxide metal
oxide solid that forms at the second electrode. While not
wishing to be tied to any one theory, the formation of such
irregular mixed oxide metal oxide solids, such as the den-
dritic mixed oxide metal oxide may be one cause of the
long-term degradation of the eflectiveness of being able to
recharge the MOB.

Without being limited to any particular theory, 1t 1s
believed that oxygen storage material as disposed within a
metal oxygen battery does not lose surface area or deactivate
to any significant degrees, under the normal operating con-
ditions for the metal oxygen battery. In certain instances, at
least 70 percent, 80 percent, 90 percent, or 98 percent by
weight of the oxygen storage material remain thermally
stable and electrochemically active after 3 months of usage.

At the second electrode during the charging operating
state, following the above embodiment and non-limiting
example, reduction occurs as the lithium cation 1s reduced to
lithium metal at the second electrode. The exemplary hali-
cell reaction 1s shown 1n [3]

Lit+xO->+2x e”—Li0x

Lit+e L1

[3]
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At the first electrode during the charging operating state,
oxidation occurs, producing electrons and decomposing the
mixed oxide metal oxide solid to release oxygen. A non-
limiting example of a half-cell reaction at the first electrode
during the charging operating state 1s shown 1n [4]

[4]

[iOx - Li* + ;Oz re

The oxygen 1s stored 1n an oxXygen containment unit
including the OSM when the oxygen 1s contained by phys-
10sorption 1ntercalation, and/or clathratization. The OSM
may be situated in an external storage device, permitting
1solation of the OSM from the first electrode; adjacent to the
first electrode; and/or in ntimate contact with the first
clectrode, which substantially minimizes the diffusion dis-
tance for the oxygen until reaction with the first electrode
occurs during the discharging operating state. Reducing the
diffusion distance increases the responsiveness to electron
flow rates as the demand on the load circuit, e.g. directly or
indirectly the demand of the traction motor, changes during
operation time periods of the vehicle.

In at least one embodiment, the average diffusion distance
from the point of the OSM where oxygen 1s released to the
point at or near the first electrode where the oxygen 1s
reacted to1sfrom 1 nmto 5cm, 1 nm to 1 cm, or 1 nm, to
0.1 cm.

In one or more embodiments, the metal-oxygen battery
cell 1s a closed-loop system with respect to material flow, but
not to heat transfer or work. For instance, the metal-oxygen
battery cell includes an oxygen positive electrode electri-
cally communicating with a metal negative electrode
through an electrolyte and a separator. The oxygen positive
clectrode 1includes an oxygen storage material which stores
oxygen by the process of physiosorption, including adsorp-
tion, itercalation and clathratization processes. It should be
appreciated that the oxygen positive electrode may further
include a structural component in addition to the oxygen
storage matenal, such as a carbon matenal. It 1s appreciated
that the metal-oxygen battery positive electrode may further
include a catalytic component, such as Fe,O; and/or Co;0,;
an 1on conductive component, such as polvacrylonitrile
and/or polyethylene oxide; and/or an electron conductive
component including a conductive aid, such as amorphous
carbon, graphitic carbon, graphene, and/or carbon nano-
tubes.

In one or more embodiments, the metal-oxygen battery
cell undergoes reversible redox reactions. During the dis-
charging reaction, the oxygen reacts with a metal cation
from the metal negative electrode, forming a mixed oxide
metal oxide, including a metal oxide and/or a metal peroxide
which 1s then situated at the positive electrode. During the
charging reaction, the metal mixed oxide metal oxide
decomposes, releasing oxygen which, in at least one
embodiment, 1s stored 1n a metal oxygen framework (MOF)
composition at the positive electrode. The metal cation
migrates back to the negative electrode reacquiring an
clectron from the negative electrode and forming a metal
composition.

Oxygen storage materials (OSMs) may be utilized for
oxygen by providing appreciable surface area for enhancing
oxygen uptake. Desirable on-board operating conditions
illustratively include near ambient temperature (1) (e.g., 150

K to 400 K) and modest pressure (P) (e.g., 1 to 100 bar) to
avoid added cost or system complexity. Particularly suitable
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binding energies for oxygen material storage may be deter-
mined based on the Clausius-Claeypron Equation of the
form:

—-AH 1
f

where P 1s the partial pressure of oxygen, AH 1s the sorbent
oxygen binding energy, R 1s a constant, and T 1s the
temperature 1n degrees Kelvin of the oxygen. In certain other
instances, the OSM has an oxygen binding energy, or
particularly an 1sosteric adsorption enthalpy, ranging from 3
kJ/mol.O, to 100 kJ/mol.O,, or 7 kJ/mol.O, to 70 kJ/mol.O.,
or to 10 kJ/mol.O, to 40 kJ/mol.O.,,.

In one or more embodiments, OSMs may be utilized as
oxygen storage materials for oxygen in terms of having
relatively high material density. The volumetric storage
capacity of an OSM may be related to the gravimetric
capacity and material density for the OSM. As a non-
limiting example, 11 a given OSM has a gravimetric capacity
of 0.3 kg of oxygen per kg and a maternials density of 0.2
g/ml, a corresponding volumetric capacity would be 60 g of
oxygen per liter of OSM. Storing 8 kg of oxygen would use
133 liters of OSM. However, 1 the material density 1s 1
g/mlL, only 27 liters of OSM would be required.

Without being limited to any particular theory, 1t 1s
appreciated that the OSMs are generally provided with a
relatively high-surface area, which facilitates oxygen uptake
or adsorption by processes such as physiosorption. Such
oxygen uptake scales linearly with surface area as measured
using any suitable method such as the BET method. In

certain instances, the surface area of the OSM exceeds 1000

m-~/g, from 2000 m*/g to 8000 m*/g, or from 3000 m*/g to
6000 m*/g.

In one or more embodiments, 1t 1s appreciated that oxygen
molecules as described herein may include oxygen species
other than oxygen, such as diatomic oxygen, ozone, and free
radical oxygen species.

In certain 1nstances, the OSM 1n the excess capacity has
a gravimetric capacity for oxygen of greater than 10 grams
per 100 grams of the OSM, or of between 20 to 80 grams per
100 grams of the OSM, or 25 to 50 grams oxygen per 100
grams of the OSM.

In certain other 1nstances, the OSM has a material (single
crystal) density greater than 0.1 g/mL, or of from 0.25 g/mL
to 5 g/mL, or of from 0.5 g/mL to 2 g/mlL.

In certain other instances, the OSM has a volumetric

capacity for oxygen of greater than 2 g/L., or of from 16 g/L.
to 500 g/L, of or 32 g/LL of to 300 g/L, or of from 50 g/L to

220 g/L.

In one or more embodiments to achieve one or more of the
properties discussed above, the OSMs are porous, high
surface area sorbent materials. Non-limiting examples of the
OSMs 1include crystalline framework-like compounds such
as metal-organic frameworks (MOFs), covalent organic
frameworks (COFs), zeolitic imidazolate frameworks (ZIFs)
and zeolitic matenals; aerogel-like substances with nano-
meter or micrometer scale porosity, such as zero-gels and
xero-gels; porous carbon materials such as porous carbon
gels, porous carbon nanotubes, and porous metal substances
such as porous metal oxides, porous metal carbides, porous
metal mitride or other porous metal substances with internal
sites that favorably form weak physical adsorption sites with
oxXygen.
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Non-Limiting Examples of the MOFs Include:
a catalytically-active MOF-5 having embedded metal, such
as Ag@|[/Zn,O(BDC),], Ptl@ [Zn,O0(BDC),], Cu@ [Zn,O
(BDC),], and Pd@[Zn,O(BDC),]; an organically solvated

MOF, such as Ti(O’PR),[Cd;Clq
(LI),.4DMF.6MeOH.3H, 0. Ti(O'PR),[Cd,(NO,),
(L1),.7MeOH.5H, 0. Ti(O'Pr,[CA(LI),(H,O), ]

[C10,],.DMF.4MeOH.3H,O, [Rh,(M** TCPP),], where
M** may include Cu, Ni, or Pd, and [Zn,(BPDC),
(L2)].10DMF.8H,0O; an 1onically or partially 1onically sol-
vated MOF, such as [Ni(r-aspartate)bpy, | HCl, ;MeOH, -,
|Cu(L-aspartate)bpy, <] HCIL[Cu(p-aspartate)bpy, ] HCI,
|Cu(r-aspartate)bpy, | HCI,[Cu(p-aspartate)bpy, -] HCI,
Cr,(F,OH)(en),O(BDC),(ED-MIL-101), Cr,(F,OH)(en),O
(BDC);(ED-MIL-101), [Zn,O(L3-H)].(H;O),(H,O),,(D-
POST-1), [Sm(L4-H,)(L4-H,)(H,0),].(H,0).. [Cu(bpy)
(H,0),(BE,)(bpy)], [Zn,0(BDC);|[(MOF-5), [Ln(OH)H,0)
(naphthalenedisulfonate)] where Ln includes a lanthanide
metal such as Nd, Pr, or La; as well as [In,(OH)(BDC),],

[Cus(BTC), ], [Se,(BDC)s],  [Se,(BDC), s(OH)],  [Y,
(BDC),(H,0),]H,0,  [La,(BDC),(H,0),]H,0,  [Pd(2-
pymo),|, [Rh,(H,TCPP),)BF,, [Cu,(trans-1,4 cyclo-

hexanedicarboxy-late), |H,O,[Cu(2-pymo), ]|, [Co(PhIM),],
[In,(BDC);(bpy),|, [In,(BDC),(OH),(phen), |, [In(BTC)
(H,O) (bpy)], [In(BTC)(H,O)(phen)], [Sc,(BDC), s(OH)],
[Y,(BDC);(H,0),].H,0O, [La,(BDC),(H,0),]H,0, [Cu,
(BTC),], [Cd(4.,4"-bpy)>(H,0),[-—(NO;),.(H,0),, [Sm(LA4-
H,)(L4-H,)(H,0),].(H,0),. Mn, [(Mn,CH(BTT),
(MeOH), 15, |Zn,O(BDC),;|(MOF-3), T1-(2,7-dihy-
droxynaphthalene)-MOF, [Pd(2-pymo),], [Cu,(BTC),],
[CHB(BTC)z]: [CUB(BTC)z]: [RhZ(LS)]: [Rh(BDC)]: [Rh(fl.l-
marate)], [Ru(l,4-diisocyanobenzene),|Cl,, [In,(OH),
(BDC);L[Ru,(BDC), ], [Ru,(BPDC),]. [Ru,(BDC),
(dabco)],[Ru,(BPDC),(dabco)],| Rh,(fumarate),],
[Rh,BDC), ], [Rh,(H,TCPP),], and [Pd(2-pymo),].

In certain instances, the MOF has a general composition
of M@MOF gas-phase deposited nanoparticles, such as Pt
@ [Zn,0O (BDC),]. The M'@MOF gas-phase deposited
nanoparticles may have an average maximum dimension
ranging from 0.5 nm to 5 nm, or 0.75 nm to 3.5 nm, when
fresh. In at least one embodiment, M' includes one or more
polynuclear metal clusters and/or any metal-containing mol-
ecule such as Fe,O,, Co,0,, or mixtures of metal-containing
molecules. Therefore, M' can additionally serve as one or
more catalytic components for catalyzing the reactions
within the metal oxygen battery.

In at least one embodiment, the M' content of the
M'@MOF material ranges from 5 percent to 35 percent by
weight, or 20 percent to 30 percent by weight, of the
M'@MOF matenal.

In at least one embodiment, the electron conductive
component includes a post-synthesized substituent, such as
a pendant chain having an electron conductive functional
group, such as an acrylonitrile group or a cyano-group. In
another embodiment, the electron conductive component
includes a conductive polymeric molecule, having the elec-
tron functional group in the polymeric chain prior to binding
with the metal atom forming the MOF. In certain instances,
one or more of these electron conductive components may
be coupled to the MOF molecules as linker or a pendant
groups to confer electron conductive functions to the MOF-
based electrode.

In certain particular instances, the electron conductive
component has a conductivity ranging from 1 Siemens/cm to
200 Siemens/cm, 10 Siemens/cm to 150 Siemens/cm, 20
Siemens/cm to 100 Siemens/cm, 30 Siemens/cm to 60
Siemens/cm.
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Ion conducting components assist 1n 1on transport within
one MOF crystal and between MOF crystals. Ions 1n MOF
may provide a capacitive function 1n the battery system in
order to provide relatively rapid charge release. Non-limit-
ing examples of the 1on conductive components include a
carbon nanoparticle, such as a single-wall carbon nanotube,
a multi-wall carbon nanotube, a Y-shaped carbon nanotube,
a carbon nanoribbon, and/or a carbon microfiber. In certain
instances, the 1on conductive component includes a carbon
structure, such as a graphene sheet. In certain other
instances, the 1on conductive component i1s an 10n-ex-
changed 10n conductive component.

Retferring now to FIG. 4A, an MOF crystal 1s schemati-
cally illustrated. As depicted in FIG. 4A, an MOF of the
structure M'(@MOF having a gas-phase deposited metal (M')
generally shown at 400 includes a metal atom with carboxy-
late oxygen 402 which 1s connected to a bridging ligand 404.
Metal atom and bridging ligand 404 collectively define a
cavity 406 ito which gas-phase deposited metal 408 (M')
and oxygen molecule 410 are situated. In at least one
embodiment, the MOF 400 1s an 1sorecticular MOF wherein
all 12 bridging ligands 404 are identical to each other.

In another embodiment, as 1llustrated in FI1G. 4B, an MOF
with an electron conductive component 420 1s schematically
illustrated. Metal atom with carboxylate oxygen 402 1is
bridged by a first bridging ligand 404a and/or a second
bridging ligand 4045b. In certain 1nstances, the second bridg-
ing ligand 4045 1s longer than the first bridging ligand 404a4.
The resulting MOF 1s heterorecticular. The metal atom 402
and bridging ligands 404a, 4045 collectively define a cavity
406. Pendant from the second bridging ligand 4045 1s an
clectron conductive component 420. Non-limiting examples
of a conductive component 420 include a polyacrylomtrile
substituent and/or a cyano-substituent. It 1s appreciated that
clectronic conductive component 420 can be bonded to
cither first bridging ligand 404a and/or second bridging
ligand 4045b. Further, 1t 1s appreciated that not all bridging
ligands need to have an electron conductive component. The
clectronically conductive groups 404a and 4045 do not have
to be pendent, 1n that they can be linker groups. It 1s yet
turther appreciated that electron conductive component 420
may be a different chemical species for one or more bridging
ligand without exceeding the scope or spirit of the embodi-
ment. Further included in MOF 400 1s an oxygen molecule
410, which 1s optional, and may be present or absent
depending upon the operating state in which the MOF 1s
s1tuated.

In yet another embodiment, as schematically 1llustrated 1n
FIG. 4C, an MOF 400 with a guest molecule 444 1is
illustrated. MOF 400 includes metal atom 402 with bridging
ligand 404a and 4045. The metal atom 402 and the ligands
404a, 404b collectively define a cavity 406. Situated 1nside
the cavity 406 1s one or more oxygen molecules 410 and one
or more guest molecules 444. Non-limiting examples of the
guest molecule 444 include solvents, solvents used to pre-
pare the OSM, or electrolyte solvents. Non-limiting
examples of the solvents for OSM synthesis include ethanol,
dimethylformamide, diethylformamide, and tetrahydro-
furan. It 1s appreciated that that while FIG. 4C shows only
one or two guest molecules 444, 1n another embodiment a
plurality of types of guest molecules could be contemplated
without exceeding the scope or spirit of the embodiment.

In yet another embodiment, as illustrated 1n FIG. 4D, an
MOF generally shown at 400 includes deposited metal M’
408, an electron conductive component 420, and an 1on
conductive component 462 such as an organic carbonate.

Metal atom 402 and the bridging ligands 404a, 4045 col-
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lectively define a cavity 406. Receirved within the cavity 406
may be one or more electron conductive components 420,
one or more 1on conductive components 462, and/or one or
more oxygen molecules 410.

In yet another embodiment, as illustrated in FIG. 4E, an
MOF 400 having one or more electron conductive compo-
nents 420 and/or one or more guest molecules 444 1s
schematically illustrated. In this arrangement, metal atom
with carboxylate oxygen 402 and bridging ligand 404 col-
lectively define a cavity 406, into which one or more oxygen
molecules 410 are received.

In another embodiment, as schematically illustrated in
FIG. 4F, an MOF 400 1s schematically illustrated. Metal
atom 402 and brnidging ligand 404 define a cavity 406.
Received within the cavity 406 can be one or more gas-
phase deposited metals M' 408, one or more electron con-
ductive components 420, and/or one or more oxygen mol-
ecules 410.

In yet another embodiment, as shown 1n FI1G. 4G, an MOF
400 includes metal atoms 402 and bridging ligands 404,
collectively defining a cavity 406. Received within the
cavity 406 may be one or more gas-phased deposited metal
M' 408, one or more 10on conductive components 420, and/or
one or more oxygen molecules 410. In certain istances, the
MOF 400 may be disposed next to a graphite sheet 424 to
be provided with additional electron conductivity.

In yet another embodiment, as shown in FIG. 4H, an MOF
400 1s schematically illustrated. The MOF 400 includes
metal atoms 402 bridged with a first bridging ligand 404 and
a second bridging ligand 446. The second bridging ligan 446
1s cyano-substituted. Cyano-substituted bridging ligand 446
1s electronically conductive and different in chain length
from the first bridging ligand 404. Thus MOF 1s thus a
heterorecticular MOF crystal. The metal atoms 402, the first
bridging ligand 404 and the second cyano-substituted bridg-
ing ligand 446 collectively define a cavity 406. One or more
oxygen molecules 410 can be received within the cavity 406.

In another embodiment, as schematically illustrated in
FI1G. 41, an MOF 400 includes metal atom 402 and multi-
dentate ligand 446, which connects a plurality of metal
atoms 402. The ligands 446 and the metal atoms 402
collectively define a cavity 406. Received within the cavity
406 may be one or more gas-phase deposited metals M, 408
and oxygen molecules 410.

In another embodiment, as illustrated in FIG. 4J, an
interpenetrating network of two MOFs 400a and 40056 1s
generally illustrated at 400. In MOF 4004a, metal atoms 402
and bridging ligands 404 define cavity 406 into which MOF
40056 partially interpenetrates. The result 1s that MOF cavity
406 has a reduced volume for accepting oxygen molecules
than would be otherwise expected based on the chain length
of bridging ligand 404. Having interpenetrating MOFs may
result 1n certain reduction of the absolute pore capacity, but
the pore capacity and transfer of gas molecules between
MOF crystals may be controlled by having interpenetrating
MOFs.

In one or more embodiments, the MOF 1s a porous
coordination network (PCN) having at least one entactic
metal center (EMC), such as PCN-9 MOF. The EMC 1s an
unusual geometry imposed by a ligand on a metal center in
the MOF for the purpose of enhancing the MOF’s athnity for
oxygen. Non-limiting examples of 1mposed geometry
include adapting organic positive electrode units to generate
a pore comparable to the size of the oxygen molecule and
introducing a coordinatively unsaturated metal center, such
as a metal cation cluster. A combination of several EMCs
may create a secondary building unit (SBU) within the MOF
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suitable for exceptional gas sorption aflinity as determined
by adsorption 1sotherms collected at various temperatures
and fitted using the Langmuir-Fruendlich equation.

When applied as an example of the OSM, and 1n certain
instances, PCN-9 may be provided with an oxygen adsorp-
tion enthalpy greater than 12 kJ/mol.O,, ranging from 15
kJ/mol.O, to 45 kl/mol.O,, from 17 kl/mol.O, to 43
kJ/mol.O,, or 18 kJ/mol.O, to 23 kJ/mol.O,. PCN-9 has a
fixed pore diameter ranging from 0.55 nm to 0.75 nm or 0.6
nm to 0.7 nm.

In certain instances, the MOF includes a solvated MOF
formed from 1,4-benzenedicarboxylic acid (BDC) with a
zinc metal cation cluster. A non-limiting example of the
solvated MOF 1s Zn, (u-40)(u-BDC),.(DEF),, where DEF
1s diethylformamide, a solvent molecule.

An example of a manufacturing process for certain
MOFs, such as the MOF-3, includes the steps of mixing a
solution of terephthalic acid with a zinc salt, such as zinc
nitrate to form a mixture. The mixture 1s crystallized or
precipitated at a temperature ranging from 25° C. to 200° C.
The precipitate 1s filtered from the solution and dried. It 1s
appreciated that MOFs may be modified after synthesis via
reactions such as oxidation, acetylization, hydrogenation,
Knoevenagel condensation, and/or Heck coupling. More-
over, the MOFs may be activated by removing the solvent
introduced during a crystallization and/or precipitation pro-
CEesS.

In one or more embodiments, the second electrode 1045,
which functions as an anode during discharging, includes a
metal material (M). The metal material M may include a
metal, such as an alkali metal, an alkaline-earth metal, or a
transition metal. The metal material M may also include
alloys of such metals, metal ceramics, superalloys, fusible
alloys, metal intercalation compounds or matenals, and
amalgams. In certain particular instances, the metal material
M includes an elemental monolith negative electrode,
including, for example, L1 or Na; a mixed material negative
clectrode, having an intercalation compound, such as graph-
ite; and/or an alloy, such as a lithtum-silicon alloy, a lithium
aluminum alloy, and/or a lithium boron alloy.

In certain particular instances, the second electrode 1045
1s formed of elemental lithium metal. In certain other
particular mstances, the second electrode 1045 includes an
alloy of lithium.

The following applications disclose and claim battery
systems that may be related to the battery system disclosed
and claimed 1n the following applications filed on Jul. 1,
2010: U.S. patent application Ser. No. 12/828,380 (now U.S.
Pat. No. 8,968,942 issued on Mar. 3, 2015), Ser. No.
12/828,399 (now abandoned), Ser. No. 12/828,386 (now
U.S. Pat. No. 8,658,319 1ssued on Feb. 25, 2014), Ser. No.
12/828,752 (now U.S. Pat. No. 8,119,295 1ssued on Feb. 21,
2012), and Ser. No. 12/828,396 (now U.S. Pat. No. 9,147,
920 1ssued on Sep. 29, 2015). Each of the 1dentified appli-
cations 1s incorporated herein by reference in their entirety.

While exemplary embodiments are described above, 1t 1s
not intended that these embodiments describe all possible
forms of the invention. Rather, the words used in the
specification are words of description rather than limitation,
and 1t 1s understood that various changes may be made

without departing from the spirit and scope of the invention.
Additionally, the features of various implementing embodi-
ments may be combined to form further embodiments of the
invention.
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What 1s claimed 1s:

1. A method comprising:

storing oxygen 1n a cathode including an oxygen storage
metal-organic framework (“MOP”) material compris-
ing a mixture ol 1onic conductive material, electron
conductive material and catalyst material within the

MOF.
2. The method of claam 1, wherein the MOF 1s an

organically solvated MOF.
3. The method of claim 1, wherein the 1on conductive

material 1s an electrolyte.
4. The method of claam 1, wherein the 1on conductive

material 1s a carbon nanoparticle matenal.
5. The method of claim 1, wherein the mixture 1s a
homogeneous mixture.
6. The method of claim 1, wherein the catalyst material 1s
Fe,O,; or CO,0,.
7. The method of claim 1, wherein the MOF 1s a crystal-
line MOF.
8. A method comprising:
releasing oxygen from a cathode including an oxygen
storage metal-organic framework (“MOP”) materal
comprising a mixture ol 1onic conductive material,
clectron conductive material and catalyst material
within the MOF.
9. The method of claam 8, wherein the 1on conductive
matenal 1s an electrolyte.
10. The method of claim 8, wherein the 1on conductive
material 1s a carbon nanoparticle materal.
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11. The method of claam 8, wherein the mixture 1s a
homogeneous mixture.
12. The method of claim 8, wherein the catalyst material
1s Fe, O, or CO,0.,,.
13. The method of claim 8, wherein the MOF 1s an
organically solvated MOF.
14. The method of claim 8, wherein the MOF 1s a
crystalline MOF.
15. A method comprising:
storing oxygen 1n a cathode including an oxygen storage
metal-organic framework (“MOP”) material compris-
ing a mixture of 1onic conductive material, electron
conductive material and a composition of M'@MOF,
where M' 1s a catalyst material and includes one or
more metal-containing molecules and MOF 1s a metal
organic framework.
16. The method of claim 15, wherein the 10n conductive
material 1s an electrolyte.
17. The method of claim 15, wherein the 10n conductive
material 1s a carbon nanoparticle matenal.

18. The method of claim 15, wherein the mixture 1s a
homogeneous mixture.

19. The method of claim 15, wherein the catalyst material
1s Fe,O; or CO,0,.

20. The method of claim 15, wherein the MOF 1s an
organically solvated MOF.
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